High resolution synchrotron photoelectron spectra ͑PES͒ of ethylene have been obtained at several photon energies in the range 30 to 220 eV. Further evidence is presented that the correlation ͑satellite͒ peak at 27.4 eV binding energy is ''intrinsic'' in nature. A new correlation peak at 21.4 eV binding energy, however, is found to be a ''dynamic'' correlation. Several PES of 1-13 C-ethylene have also been obtained and have been found to be identical to those of normal ethylene. Both of the correlation peaks are also present in the labeled species with similar photon energy behaviors. Sophisticated theoretical calculations are found to agree quantitatively with the experimental PES spectra.
I. INTRODUCTION
The interpretation of photoelectron spectra has benefitted tremendously from molecular orbital models wherein the motion of electrons are considered to be independent of each other. These models are successful at predicting the main features of valence shell and inner shell photoelectron spectra, however they cannot account for the ''extra'' peaks that are often observed. These extra peaks in the experimental photoelectron spectra were initially called satellite or shake-up peaks, though the more proper name correlation peaks ͑For consistency, the experimental phenomena will be referred to as ''correlation peaks'' 1 and the theoretical representation or interpretation of these phenomena as ''correlation states.'' 2 ͒ is preferable as it indicates the mechanism responsible for these features. It is precisely from the interactions ͑correlations͒ of electrons in atomic or molecular systems that these correlation peaks appear in the photoelectron spectra of many species. The correlation states of atoms, especially the noble gas atoms, have been investigated intensely, however the study of these states in molecular systems is still in its infancy. This work presents perhaps one of the most thorough investigations of the correlations of a simple, nondiatomic molecule.
Schemes have been proposed, such as those by Becker and Shirley, 3 to classify correlation states and their production mechanisms by studying the photon energy dependence of the ratios of the satellite peak intensities to the main or ''parent'' peaks observed in the photoelectron spectra of noble gas atoms. The photon energy dependence of satellite/ main peak intensities in photoelectron spectra has been investigated in pioneering studies by Wuilleumier and Krause. 4 The earlier x-ray studies were, however, hampered by poor energy resolution and many closely spaced satellites were not resolved. With the introduction of high intensity and high brilliance synchrotron sources, such photon energy dependence studies have now led to less ambiguous measurements of the satellite/main peak intensities. Those correlation ͑sat-ellite͒ peaks that exhibit a constant ratio with increasing photon energy are referred to as intrinsic correlations and are considered to be caused by initial and/or final state configuration interaction; [1] [2] [3] whereas those correlation ͑satellite͒ peaks that exhibit a strong photon energy dependence in the satellite to main peak intensity ratio are referred to as dynamic correlations and can be produced by shake-up processes, [3] [4] [5] [6] [7] continuum state interactions, 3, 7, 9, 10 or interchannel coupling. 3, 6, 7, 29 The term ''shakeup'' is used here in a limited sense to refer only to correlation peaks that exhibit a particular photon energy dependence in their cross sections as discussed by Becker and Shirley. 3 Several experimental and theoretical studies on atomic systems [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] have indicated that the phenomenological classification of correlation states into intrinsic and dynamic correlations is very useful in understanding the complexity of electron-electron interactions. Recent studies on molecular systems [23] [24] [25] [26] [27] [28] have also shown that the Becker-Shirley classification is feasible. In particular, a recent study on a wellknown correlation peak 27 of ethylene at 27.4 eV binding energy has revealed that this peak clearly results from intrinsic correlations. The satellite/main peak intensity ratio has been shown to be effectively constant over a wide photon energy range ͑40 to 1500 eV͒. Furthermore, comparisons of the experimentally derived satellite/main intensity ratio with theoretical multireference singles and doubles configuration interaction ͑MRSDCI͒ calculations by Murray and Davidson 30 indicated that quantitative agreement can be obtained. And so, highly sophisticated theoretical calculations can provide quantitative predictions of the photoelectron intensities of medium-sized molecules such as ethylene. This result is very encouraging for molecular investigations and illustrates the importance of high quality theoretical calculations and careful analysis of high resolution synchrotron photoelectron spectra.
Ethylene A g symmetry. All orbital symmetries are referenced to the molecule lying in the yz plane, with the C-C double bond along the z axis.
The photoelectron spectrum ͑PES͒ of ethylene, the simplest unsaturated hydrocarbon, has been investigated extensively both experimentally 12, 27, 28, [31] [32] [33] [34] and theoretically. 30,34 -41 The PES of the carbon 2s region of ethylene was first reported by Gelius 12 using Al K␣ x rays ͑1487 eV͒ in 1974. It was also reported by Berndtsson et al . 31 in 1975 and subsequently studied by Banna and Shirley 32 with Mg K␣ ͑1253 eV͒ and Y M ͑132 eV͒ x-ray sources. According to self-consistent field ͑SCF͒ calculations, the peaks at 23.7 and 19.2 eV binding energy were assigned as 2a g and 2b 1u primary ionization peaks, respectively. The strong satellite at 27.4 eV, with an intensity of 39% of the 2a g primary peak in the Mg K␣ spectrum 32 was originally assigned as a 2 B 1u ͑considering the molecule to be in its proper yz orientation͒ correlation state. 12, 31, 32 The task of the earlier theoretical calculations [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] was to assign the five main bands ͑below 20 eV binding energy͒ through Koopmans' Theorem at the Hartree-Fock ͑HF͒ level. The first study that went beyond the HF approximation ͑Green's function method 35 ͒ was published in 1976. Martin and Davidson 36 performed a small configuration interaction ͑CI͒ calculation on the ethylene cation which agreed with experimental PES results, but indicated that the intense satellite at 27.4 eV belonged to the 2 A g symmetry manifold, with a calculated intensity of 30% of the primary 2a g peak. Subsequent electron momentum spectroscopy ͑EMS͒ experiments, 42,43 also known as binary (e,2e) spectroscopy, confirmed this symmetry assignment; however, the satellite/main peak intensity ratios obtained were different. Differences in the correlation peak intensity ratios between EMS and PES have previously been observed in argon 3s Ϫ1 ionization spectra. 21 Investigation into the nature of these differences are actively being pursued. 44 -47 Cederbaum et al. 37 performed Green's function calculations, including more correlation configurations in their investigation than Martin and Davidson, 36 but used smaller basis sets without diffuse Rydberg functions. The results agreed qualitatively with experiment, but the calculations predicted a much richer structure than can be experimentally resolved. Two 2 A g correlation states of roughly equal intensity less than 1 eV apart centered at 23.5 eV and another two closely spaced 2 A g correlation states centered at 27.5 eV were found. The intensity of this dual satellite ͑27.5 eV͒ was found to be 24% of the dual primary peak ͑23.5 eV͒. 37 The recent MRSDCI calculation of Murray A g satellite between 27.0 and 30.0 eV binding energy. Furthermore, the 27.4 eV satellite peak was assigned back to 2 B 1u symmetry contrary to most of the other theoretical calculations. 36, 37 In all of these previous calculations, the overall size of the basis set was never larger than 70-CGTO. The present work is aimed at resolving the discrepancies among the different approaches, through the use of a larger basis set ͑196-CGTO͒. A concise summary of the theoretical approaches and predicted intensity ratios for the 27.4 eV correlation state is shown in Table I .
In the present study, the well-known correlation peak at 27.4 eV binding energy, assigned to the 2 A g symmetry manifold, 36 has been confirmed as an intrinsic correlation 27 based on additional experimental data. Also, more evidence of the dynamic nature of the newly discovered 28 correlation peak at 21.4 eV has been obtained based on PES spectra of normal ethylene and 13 C labeled ethylene. The interesting photon energy dependence of the new correlation state is extensively discussed.
II. EXPERIMENTAL DETAILS
The synchrotron photoelectron spectra ͑PES͒ were obtained at the Canadian Synchrotron Radiation Facility ͑CSRF͒ at the Aladdin Storage Ring of the University of Wisconsin at Madison's Synchrotron Radiation Center ͑SRC͒. The spectra were collected using the McPherson photoelectron spectrometer equipped with a multichannel plate detector 48 in conjunction with both the grasshopper grazing incidence monochromator 49 with high and low energy gratings and the 3 m toroidal grating monochromator ͑3 m-TGM͒, 50 also with high and low energy gratings. Angular corrections are not required as the photoelectrons were collected at the pseudomagic angle. 51 All reported intensity ratios were corrected for analyzer transmission effects. 25 Further background corrections were made for low energy scattered electrons and stray light for the data obtained with the 3 m-TGM which provided most of the lower photon energy PES spectra. A single Matheson Gas Products research purity ͑99.99%͒ sample of ethylene was used for all experimentation. Further experiments were also conducted with isotopically labeled ethylene ͑1-
13
C-ethylene͒ from Isotec ͑99% pure͒. Note that this particular sample has one 13 C atom whereas the other carbon atom is ''normal'' 12 C. The transmission of the spectrometer has been thoroughly investigated using neon 2s and 2p ionization cross sections for calibration studies. The transmission of the spectrometer is found to be linear in electron kinetic energy above 20 eV; below this energy, the transmission is relatively constant. 25 Gaussian curves are fitted to the Ne peaks according to known experimental energy resolutions, using the program Peakfit ͑version 3͒. The areas ͑intensities͒ of the Gaussian fitted peaks were obtained and the appropriate intensity ratios derived. Intensity ratios of photoelectron peaks are corrected for transmission effects; these corrections range from approximately 20% at 45 eV down to approximately 2% at 200 eV. The intensity of second order radiations from the CSRF grasshopper monochromator was also investigated via the 2 p peak of neon and it was found that second order radiation is of significant intensity only at photon energies lower than those over which the spectra were obtained. The second order radiation maximizes in intensity ͑approxi-mately 40%͒ between 30 and 35 eV primary photon energy, but quickly falls off, down to approximately 1% of the first order intensity by 45 eV. The total experimental energy resolution, including both electron analyzer and monochromator effects, was found to range from 490 meV FWHM at 45 eV to 820 meV FWHM at 200 eV. For the spectra obtained with the 3 m-TGM, the low energy scattering of electrons caused an exponential-decay-like low kinetic energy background which made a further correction necessary. ''No gas'' background spectra were run in conjunction with the ethylene spectra at the various photon energies; these background spectra were then scaled ͑all points multiplied by a constant͒ to match the low kinetic energy tail of the ethylene spectra. The background spectra were then subtracted from the ethylene spectra and the resulting spectra were then analyzed with the same procedure as the other ͑grasshopper͒ spectra. The error limits shown in the transmission corrected intensity ratios refer to statistical uncertainties arising from curve fitting alone. Systematic errors due to the assumed base line and transmission function are estimated to be less than 10%.
III. THEORETICAL BACKGROUND
The Hartree-Fock ͑HF͒ approximation for the ground state wave function of a neutral molecule can be represented as ⌿ HF (N), where N represents the number of electrons in the system. Ionization can then be represented by the primary hole configuration wave function ⌽ k (NϪ1), which corresponds to removal of an electron from the kth occupied orbital. If a k is an annihilation operator that destroys orbital k in ⌿ HF (N), then
If there are n occupied orbitals in ⌿ HF (N), then the spectrum should consist of n primary peaks. Koopmans' Theorem states that, to the extent these approximations are accurate, these peaks will be at positions given by the negative of the orbital energies. However, the appearance of correlation peaks in photoelectron spectra proves the inadequacy of simple singleparticle methods. Ionic configurations can also be formed by a combination of excitations and ionizations. The oneparticle two-hole (1 p-2h) configuration involves the removal of two electrons from the ground state configuration; one is lost by ionization, the other is excited to a virtual orbital of the ground state. This configuration can be represented as
where k and l are the occupied orbitals involved in the excitation and ionization processes and a r † is a creation operator that places an electron in virtual orbital r. If these configurations were true states of the ion, then the ion should have excitation energies corresponding to the differences between them and the ground state of the ion. Since photoionization is dominated by one-electron dipole mechanisms, the intensities of the peaks associated with these states would be zero.
All configurations, 0p-1h ͑primary hole͒, 1p-2h, 2p-3h ͑two-particle, three-holes͒, etc. are required to form a complete set of functions. Therefore the wave function for any state of the ion is written as a linear combination of all possible configurations:
where the C's are configuration interaction ͑CI͒ coefficients and the first sum is over the n 0 p-1h configurations of the ion corresponding to the primary peaks. In simplified notation the jth eigenstate of the cation can be written as
where C p j is a coefficient that describes the extent of configuration mixing and ⌽ (p) (NϪ1) is the pth possible ion configuration ͑0 p-1h, 1p-2h, etc.͒. Similarly the ground state of the neutral molecule can be represented as
where ⌽ (q) (N) describes the qth possible configuration of the neutral molecule ͑i.e., HF, 1p-1h, 2p-2h, etc.͒ and D q is the CI coefficient for the qth configuration.
The pole strength ͑probability͒ for the jth ionic state is defined by the square of the norm:
where
and the subscript on the bracket indicates integration over only NϪ1 electrons. Further the Dyson orbital can be defined as
which allows the transition moment ͑the square of which is proportional to the intensity͒
to be written as
where j (k) is the continuum function for the outgoing ͑ejected͒ electron associated with state j and is the dipole operator.
If initial state configuration interaction ͑ISCI͒ and final ionic state configuration interaction ͑FISCI͒ are considered, correlation peaks generally arise through transitions to high energy states of the same symmetry as the associated primary hole state. The intensity ratio of the jth satellite ͑correlation͒ peak to the pth primary peak is given by
For most satellites ͑correlation states͒ it is possible to identify a primary hole state (0p-1h) such that Dyson
if the comparison is made at the same outgoing photoelectron kinetic energy ͑i.e., kЈϷk͒ and if j is sufficiently similar to p in the region of space close to the molecule. If the satellite/main intensity ratio is computed at the same photon energy then it must further be assumed that the dipole transition matrix elements do not change rapidly with k. For the present study this condition holds favorably since the kinetic energies are Ͼ10 eV. Furthermore, the coupling of channels in the continuum is neglected.
1,2 With these approximations, Eq. ͑12͒ is formally equivalent to the sudden approximation of Å berg 52 in the limit k→ϱ. In the present approximation the explicit form of the continuum function is not specified. It is only assumed that the continuum functions are similar for the states being compared ͑i.e., for the relative ratios͒.
For a qualitative understanding of the PES spectrum a single determinant HF wave function is assumed for the initial neutral state. For the pth primary hole state, the coefficient of one 0 p-1h configuration is assumed to be dominant. In a correlation state, all of the 0 p-1h coefficients are small, but one of the 0p-1h coefficients is assumed to be much larger than the others. In this case, the intensity ratio of the jth satellite peak to the pth primary peak involving the same 0 p-1h dominant configuration is 1,2,36
It has been observed that with FISCI and without ISCI, the intensities were satisfactory in the aggregate but very wrong in detail; 53 however, with both FISCI and ISCI, the agreement of the theoretical PES spectrum with experiment was much better.
A 196-CGTO basis set, defined later, was used in three different sets of configuration interaction calculations. Both final and initial state CI was included. The calculated energies of the PES peaks have been shifted slightly from the calculated values shown in Table II so that the primary peak from each symmetry agrees with its experimental position. 30 The results of the calculations are shown in Table III and Figs. 12 and 13.
IV. RESULTS AND DISCUSSION

A. The intrinsic correlation state
Figures 1 and 2 show sample synchrotron photoelectron spectra of normal ethylene, taken at 91.1 and 59.5 eV photon energy, respectively, having peaks associated with ionization from the six valence molecular orbitals. The energy scale was calibrated by aligning the binding energy of the 1b 3u peak ͑10.51 eV͒ with high resolution He I spectra. 54 The extra peak, labeled ''sat,'' is the well-known correlation peak originally observed by Gelius. 12 Note that further improvements in the experimental energy resolution up to ϳ150 meV FWHM does not better resolve the inner valence region. The present widths of the inner valence peaks correspond closely to their natural linewidths which is consistent with the fact that these are largely dissociative states. Figure 3 shows a sample spectrum of 13 C-labeled ethylene ͑1-13 C-C 2 H 4 ͒ at 59.5 eV photon energy. It can be seen that the PES spectrum of isotopically labeled ethylene ͑Fig. 3͒ is very similar to that of normal ethylene ͑Fig. 2͒ at the same photon energy with regards to binding energies, peak areas, and peak widths, further confirming that the extra structure ͑labeled sat͒ found in the PES is of ''electronic origins,'' i.e., largely independent of nuclear structure. It is well-known that vibrational frequencies, and thus the Franck-Condon widths associated with photoionization, are influenced by deuterium substitution of the hydrogen atoms in ethylene. 55 In this particular experiment, 13 C substitution will also change the vibrational frequencies of ethylene and thus decrease the Franck-Condon widths associated with 56 however, the present study is more concerned with the inner valence and satellite regions. For the inner valence region 13 C substitution is a reasonably sensitive test of ''nuclear effects'' in correlation states. 13 C substitution introduces an asymmetric 1/12 change in nuclear mass of one of the carbons. If these extra peaks are not purely electronic effects but are influenced by some electron-nuclear scattering process, then there should be some differences in their inner valence PES. No detectable difference is observed ͑cf. Figs. 2 and 3͒, thus ''nuclear effects'' as a possible factor contributing to the satellite structure in the photoelectron spectrum of ethylene is discounted. The present results lend further support to current theoretical approaches to the interpretation of correlation peaks as arising from solutions of the electronic many-body Schrödinger equation for both the neutral and final ionic states. Although non-Born-Oppenheimer ͑nonadiabatic͒ effects have been predicted and observed in the outer valence photoelectron spectrum of ethylene, they are seen to be relatively small effects. 57, 58 Another theoretical study on vibronic coupling effects in the inner valence photoelectron spectrum of acetylene 59 showed no significant intensity borrowing between different satellite states. The present study on normal ethylene and 13 C-labeled ethylene is part of a growing number of explorations of nonadiabatic effects in the inner valence region of PES spectra and seems to support the earlier theoretical studies. The correlation peak at 27.4 eV has been thoroughly investigated by measuring the satellite/main 2a g Ϫ1 peak intensity ratio at different photon energies from 40 to 220 eV. These ratios are presented in Fig. 4 , with previous x-ray measurements also shown for comparison. The approximately constant trend reported previously 27 is seen to continue at the lower photon energies, approaching the threshold. Very close to threshold ͑hϽ40 eV͒, the condition kЈϷk does not hold and Eq. ͑12͒ is not rigorously valid thus slight variations are expected. PES at photon energies less than hϭ36 eV are difficult to obtain with the present electrostatic photoelectron energy analyzer. The difficulty arises from background problems associated with low energy scattered electrons. The dashed line represents the ratio ͑0.35͒ calculated from the MRSDCI͑ANO͒ calculation ͑see Sec. IV C͒. The high value for Al K␣ is probably a result of experimental factors unaccounted for as the published spectrum was deconvoluted using a peak profile similar to that used for the fitting of the synchrotron spectra. Figure 5 shows the photon energy dependence of the correlation peak at 27.4 eV in the case of 1-13 C-ethylene. The dashed line also represents the same MRSDCI͑ANO͒ calculation shown in Fig. 4 . The constant value of the intensity ratio observed in both normal ͑Fig. 4͒ and labeled ͑Fig. 5͒ ethylene is indicative of an intrinsic correlation, using the notation of Becker and Shirley, 3 a result of initial and/or final state configuration interaction. These configuration interactions are always occuring, and the photoionization process only allows them to be seen-it does not produce them-thus, there should be no photon energy dependence expected within the conditions discussed in Sec. 
B. The dynamic correlation state
A new correlation peak at 21.4 eV binding energy is observed in the synchrotron photoelectron spectrum of ethylene taken at 49.5 eV photon energy ͑see Fig. 6͒ . The same correlation peak can be observed in a previously reported He II spectrum, 33 however it was not acknowledged in that particular study. Because of the low intensity of this peak, it is quite easy to consider the peak as part of the background. Only a variable photon energy experiment can unambiguously identify a low-intensity peak of this nature. A 1978 Green's function calculation by Cederbaum et al. 37 did predict an intrinsic correlation state between the 2b 1u and 2a g main peaks, associated with the 2b 1u peak. The new correlation peak at 21.4 eV has a well-defined peak shape ͑1.5 eV FWHM͒ and is found to have significant intensity over a certain photon energy range. The same satellite peak is also observed in the synchrotron PES of 13 C-labeled ethylene in the same range of photon energies ͑see Fig. 7͒ . An investigation of the pressure dependence of the photoionization cross section has shown that the correlation peak at 21.4 eV is not a result of inelastic processes. The intensity ratio of the new correlation peak to the 2b 1u main peak was found to vary by less than 4% over an order of magnitude of change in pressure. Nor is the new satellite caused by Auger processes or second order radiations. The peak binding energy position was found to be constant with changing photon energy and the experiments were conducted at photon energies where second order radiation is inconsequential. Furthermore, there is a consistent agreement between the two sets of experimental data obtained on two different synchrotron beamlines ͑i.e., CSRF grasshopper and SRC 3 m-TGM͒. In addition, the only previous report of this correlation peak using He II radiation shows reasonable agreement with the synchrotron results, indicating that the results obtained in the present study are not caused by any experimental artifact.
The ratio of the new correlation peak intensity to the intensity of the 2b 1u peak for normal ethylene as a function of photon energy is shown in Fig. 8 . The 2b 1u main peak is tentatively chosen as the primary peak associated with the new correlation peak for convenience. The present results are independent of this choice since the photon energy dependences of the 2a g /2b 1u and 1b 2u /2b 1u intensity ratios are constant in the photon energy range of the current investigation. The experimentally derived new correlation peak/2b 1u intensity ratio clearly shows a strong photon energy dependence and would appear to be a result of dynamic correlations. The new peak has significant intensity only at lower photon energies, i.e., less than 70 eV, and is virtually unnoticeable beyond 150 eV, thus explaining why this peak was not observed in previous high resolution x-ray photoelectron spectra. 31, 32, 34 Bieri and Å sbrink 33 detected this peak in their He II work, but did not make any comment as to its origin. Their published experimental spectrum has been digitized and deconvoluted like the synchrotron PES to obtain a value for the satellite to 2b 1u main peak ratio which is also shown in Fig. 8 . The large error bar associated with this point is indicative of the uncertainty resulting from the digitization of the published spectrum and the lack of knowledge of the background and transmission characteristics of the spectrometer used. Also, the He II work was conducted at ϭ90°, thus requiring an angular correction to the ratio. This slight correction is not known and was not applied to the data ͑see Fig.  8͒ .
The photoionization differential cross sections for unpolarized He II radiation are of the form
where ␤ is the angular asymmetry parameter and is the relative angle between the outgoing photoelectron and the photon propagation direction. Since ϭ90°,
and so the intensity ratio for the He II work is then of the form
The synchrotron work is conducted at the pseudomagic angle, and so requires no angular correction. The intensity ratio here is
The double ratio ͑i.e., the ratio of the two intensity ratio values͒ is given by
.
͑18͒
Since the double ratio is approximately 1 ͑within the experimental and calculation uncertainty͒, as can be seen in Fig. 8 , there is some evidence that ␤͑sat͒Ϸ␤(2b 1u ), supporting the suggestion that the 2b 1u peak could be the primary peak associated with the 21.4 eV correlation peak. The ratio of the new correlation peak to 2b 1u for labeled ethylene is shown in Fig. 9 for comparison. Although there are fewer data points, the 13 C-labeled ethylene data are clearly consistent with the general trend obtained for normal ethylene ͑Fig. 8͒.
There are two interesting points to note regarding the photon energy dependence of the intensity of this new correlation peak of ethylene at 21.4 eV ͑see Fig. 8͒: ͑i͒ the general trend is increasing satellite/2b 1u intensity ratio reaching Ϸ20% as the threshold ͑21.4 eV͒ is approached; ͑ii͒ superimposed on this general trend are three ''resonance-type'' features located at photon energies of 42, 57, and 105 eV.
The features of the photon energy dependence curve are unexpected. The resonance-type features or the oscillations in the photon energy dependence curve can be characterized further as shown in Fig. 10 . The new-peak/2b 1u intensity ratio photon energy dependence can be approximated reasonably well with an exponential decay. Following the BeckerShirley scheme, the intensity can be interpreted as being composed of three components: an intrinsic correlation component ͑the constant value, 0.021, which is similar to the behavior of the major satellite at 27.4 eV binding energy͒, a dynamic component ͓the exponential decay, like continuum state configuration interaction ͑CSCI͔͒, and an oscillating component. The intrinsic and dynamic components are shown in Fig. 10 and the oscillating component in Fig. 11 . The constant ͑intrinsic͒ and the exponential ͑dynamic͒ were fitted to the data. The data can be seen to exhibit oscillatory behavior around the exponential decay. The intensity ratio values are defined as
Intensity ratioϭa͓e
Ϫ⑀/b ϩ͑⑀ ͒ϩc͔, ͑19͒ where a, b, and c are constants ͑obtained from fitting to the intensity ratio data͒ and ⑀ is the scaled excess energy ͑the threshold energy of 21.4 eV is subtracted from the photon energies, the resulting values are then converted to atomic units͒. The components can then be seen to be: intrinsicϭac; dynamicϭae Ϫ⑀/b ; and oscillatingϭa͑⑀͒. The intrinsic and dynamic components were subtracted from the data. The resulting pure oscillating component was then converted from scaled excess energy to wave numbers, and the function (k) is plotted in Fig. 11͑a͒ . The parameters from the curve fitting were then used to generate a smooth curve for (k) ͓see Fig.  11͑a͔͒ with equally spaced intervals of k through a simple FORTRAN program. The oscillating component curve was then Fourier transformed using a fast Fourier transform ͑FFT͒ routine to extract characteristic distances from the oscillations. The FFT of the (k) function ⌳(r) is shown in Fig. 11͑b͒ . The major characteristic distances are then ͑0.6 Ϯ0.1͒ and ͑2.2Ϯ0.2͒ Å, which are of molecular dimensions. Note that the C-C bond length in ethylene is 1.34 Å.
C. Theoretical calculations
In an attempt to gain an understanding of the origin and symmetry of the new correlation state at 21.4 eV, we carried out a series of theoretical calculations of the photoelectron spectrum of ethylene. A 196-CGTO basis set is used in the calculations. The (18s13p) Partridge basis set 60 was chosen as the primitive basis for carbon. For hydrogen, Partridge's (10s) basis 61 was used. For C, the first 14 s functions were contracted into 2 s functions using the 1s and 2s atomic orbital coefficients. Similarly, the first seven p functions were contracted into one p function using the 2 p atomic orbital coefficients. For H, the first six s functions were contracted into one s function using the 1s atomic orbital coefficients. The rest of the functions were left uncontracted. This scheme lost less than 0.1 kcal/mol in a trial SCF calculation 62 on CH 4 . All of the polarization functions were taken from Dunning. 63 For carbon, (3d1 f ) ͑␣ d ϭ1.848, 0.649, 0.228; ␣ f ϭ0.761͒ polarization functions were used; for hydrogen, (2 p1d) ͑␣ p ϭ1.257, 0.355; ␣ d ϭ0.916͒ were used. This basis was further augmented by putting two p and two d diffuse Rydberg functions on the center of the C-C bond with exponents of 0.052 and 0.104 for both p and d functions. All Cartesian components were kept for d and f functions. Therefore, the final basis set was [6s7p3d1 f / 5s2 p1d]ϩϩϩϩ, or 196-CGTO for short. To keep the results directly comparable, the same geometry as before 30, 36 was used.
The first level of approximation to the spectrum was from the SCF calculation. The MO energies of the ground Ϫ1 for normal ethylene are shown as solid diamonds. The photon energy dependence has been decomposed into three components: intrinsic, dynamic, and oscillating ͑see the text for details͒. The intrinsic component ͑constant͒ is shown as a dot-dash line; the dynamic component ͑exponential decay͒ is shown as a dashed line; and the oscillating component is shown in Fig. 11͑a͒ . The data are plotted vs scaled excess energy. The threshold energy of 21.4 eV has been subtracted from the photon energies, with the results being converted to atomic units by dividing the differences by 27.21 eV. ͒ is obtained by subtracting the constant and the exponential decay from the intensity ratio values and then converting to wave numbers. The solid diamonds are the experimental values and the solid line is a fitted curve, generated from fitting parameters. ͑b͒ The ⌳(r) function is the fast Fourier transform ͑FFT͒ of (k). Two major characteristic distances are seen for the oscillating component, with values of ͑0.6Ϯ0.1͒ and ͑2.2Ϯ0.2͒ Å.
state are compared with experimental peak positions in Table  II . It is easy to see that the MO picture is not adequate to describe the location of the primary peaks and is, of course, unable to explain the appearance of the satellites. With this large basis set, the MO energies are nearly identical to the previous calculations 30, 35, 39, 40 showing that the SCF orbital energies have converged.
The second level of approximation was to include all 1p-2h configurations in the final ionic state CI calculation with the full virtual space hereafter called the CI 1 p-2h calculation. The lowest 15 roots of the CI matrix for each symmetry were calculated. The CI 1p-2h results are shown in Fig. 12͑a͒ , where only pole strengths greater than 0.005 are included. No ground state CI calculation was done. The square of the CI coefficient of the leading 0p-1h configuration in ⌿͑NϪ1͒ was used as the pole strength and the energies are taken relative to the experimental positions of the first primary peak of each symmetry. A strong 2 A g satellite line at 28.8 eV is observed which has only 17% of the intensity of the primary 2 A g peak. This calculation did not show the twinning phenomenon of either the primary or satellite 2 A g peak. The computational details of the CI 1p-2h calculation are available. 64 The third level of approximation was to perform a MRS-DCI calculation for the lowest 15 roots of the CI matrix of each symmetry using molecular orbitals of the neutral ground state ͑i.e., K orbitals 64 ͒ hereafter called the MRSD-CI͑MO͒ calculation. The MRSDCI͑MO͒ results are shown in Fig. 12͑b͒ . Pole strengths less than 0.005 are ignored. The square of the coefficients of the leading 0 p-1h configuration in ⌿͑NϪ1͒ was used as the pole strengths. When the CI 1 p-2h calculation is compared with the MRSDCI͑MO͒ calculation, it is seen that after the improvement of the final ion state wave function, not only the intensities, but also the line positions change. Some twinning structure also appears as a result of the configuration interaction. The former 2 A g primary peak at 23.7 eV moves to 23.9 eV, while the formerly weak satellite at 24.7 eV moves to 23.6 eV, but with twice the intensity, causing twinning centered at about 23.7 eV where the first line at 23.6 eV is not as strong as the one at 23.9 eV. The former 26.3 eV satellite shifts to 25.3 eV with nearly four times more intensity. The former 28.8 eV satellite splits into two pairs of dual lines ͑27.78, 27.80 eV͒ and ͑28.8, 29.6 eV͒. In the first pair, the peak at 27.78 eV is much stronger, whereas in the second pair, the intensity of the first peak is only slightly larger. For most peaks, 0p-1h and 1 p2h configurations are the leading configurations, while 2p-3h configurations are less important. The computational details of the MRSDCI͑MO͒ calculation are available. 64 It should be noted that the line position cannot be predicted by simply writing down the main configurations and summing the energies of each individual process. For example, the correlation state at 27.78 eV has the following leading configuration: (2b 1u ) Ϫ1 (1b 3u ) Ϫ1 (1b 2g ) 1 , which in the common notation is
a 1p-2h configuration. For the transition ͑,*͒, there are FIG. 12 . The theoretical PES calculated using the theoretical line positions with the experimental peak widths. ͑a͒ The theoretical PES drawn using the intensity data from the CI 1 p-2h calculation. ͑b͒ The theoretical PES drawn using the intensity data from the MRSDCI͑MO͒ calculation. ͑c͒ The theoretical PES drawn using the intensity data from 41 produced a detailed discussion about this problem, but through a semiempirical method, HAM/3.
To ease the comparison of the calculations with the experimental PES, the experimental linewidth for each line was used in conjunction with the calculated intensities to produce theoretical PES. Comparing the CI 1 p-2h calculation ͓Fig. 12͑a͔͒ and the MRSDCI ͑MO͒ calculation ͓Fig. 12͑b͔͒, it is easily seen that the MRSDCI ͑MO͒ calculation improved the predicted PES spectrum for the satellite region, but produced a worse shape for the 2 A g primary peak at 23.7 eV. Because of the poor agreement of the above calculations with experiment, ion and neutral MRSDCI calculations based on the average natural orbitals ͑ANOs͒ were then performed. The ANOs based on states of a given symmetry were obtained from the average density matrix for the first 15 roots from the former ion MRSDCI calculation on that symmetry. For each symmetry, the lowest 15 roots for the cation were calculated and a MRSDCI calculation for the ground state of the neutral molecule using the same ANOs was performed and, to approximate the intensities, the pole strengths were obtained. The final MRSDCI ͑ANO͒ results are shown in Table III and the corresponding theoretical PES can be found in Fig. 12͑c͒ . More detailed information of all these MRSDCI ͑ANO͒ calculations are available. 64 Table II shows the actual primary peak positions as calculated. In Table III and Fig. 12͑c͒ these have been shifted slightly so that the first peak of each symmetry agrees with experiment.
A MRSDCI calculation ͑using the ANOs for both the neutral molecule and the cation͒ on the 2 B 2g symmetry manifold was done, although there is no primary peak corresponding to this symmetry. In the neutral ground state, the configuration * 2 ← 2 has the second largest weight and may give observable intensity through the overlap with the ion configuration Ϫ2 *, which belongs to the 2 B 2g symmetry. The final MRSDCI calculation shows that only the first root of this symmetry has observable intensity ͑S j 2 Ϸ0.02͒ and it lies at 17.2 eV.
When the MRSDCI͑ANO͒ calculation is compared to the MRSDCI͑MO͒ calculation, it can easily be seen that the states of 2 A g symmetry have been improved for both the primary peak and the satellite region. From Table III and Fig.  12͑c͒ , it can also be seen that with this calculation, the satellite has nearly the same shape as the experimental results, 27, 28 with about 35% of the intensity of the 2 A g primary peak, although the line separation is overestimated by ϳ0.3 eV. After comparing the important configurations for each peak, it should be noted that in Fig. 12͑c͒ , the peak at 23.4 eV, which corresponds to the 23.6 eV line in Fig. 12͑b͒ , gets more intensity, whereas the peak at 23.9 eV in Fig. 12͑b͒ moves to 24.6 eV in Fig. 12͑c͒ , while losing some intensity, making the ''twinning phenomenon'' more obvious. The peak at 25.1 eV ͓25.3 eV in Fig. ͑12b͔͒ Table III͒ , the possibility that the new correlation peak at 21.4 eV belongs to one of these two symmetries is excluded.
Overall, the final theoretical MRSDCI͑ANO͒ PES fits the experimental spectra quite well especially in the inner valence region ͑see Fig. 13͒ . Caution should be exercised in comparing the experimental outer valence region PES in Fig.  13 with the present theoretical calculations since the calculations do not include the dipole matrix elements and the peak intensities are simply proportional to S j 2 . The present theoretical results also clearly illustrates the subtleties and caveats of predicting the intensities and binding energies of correlation states even for a simple molecule like ethylene. The problems with assigning the symmetry of the correlation states at 27.4 and 21.4 eV is one point. Another is the twinning phenomenon which appears to be a real phenomenon and not a calculation artifact.
It is appropriate to point out that the twinning of the primary 2 A g peak at 23.7 eV is not affected by using ISCI in the intensity ͑pole strength͒ calculation. From Table III [39] [40] [41] [42] showed some intensity in this region from other symmetries. The present calculation gave many states of other symmetry in this energy region but none of these states had appreciable intensity.
D. Origin of resonance structures
In this section we provide plausible explanations for the unexpected features found in the photon energy dependence of the cross sections of the new correlation peak ͑21.4 eV͒. As discussed in a previous letter, 28 the overall feature of increasing cross section towards threshold is indicative of dynamic correlations In particular, this feature is associated with continuum state configuration interaction otherwise known as conjugate shakeup. 66 Following the phenomenology of Becker and Shirley, 3 the term ''shakeup'' is limited to correlation peaks that exhibit an increasing cross section with increasing photon energy ͑or kinetic energy͒ eventually reaching a plateau as the sudden limit is approached and therefore classified as dynamic correlation. However, historically the term shakeup took a broader definition 11, 52 and refers to a photoionization process whereby an electron makes a dipole transition from orbital i to continuum state f accompanied by a ''monopole'' transition from orbital m to orbital n. The shake-up transition moment is given by
where C ␣␤ are the CI coefficients describing the ion in state ␤. This picture is akin to a common view that correlation states ͑shakeup͒ are due to ''ionization plus excitation processes.'' Clearly this mechanism may be considered as FISCI and thus can be classified as an intrinsic correlation; however we defer to the Becker-Shirley phenomenology-the framework which is the subject of the present investigation. On the other hand, conjugate shakeup refers to a process whereby an electron makes a ''monopole'' transition from orbital i to continuum state f accompanied by a dipole transition from orbital m to orbital n. The conjugate shake-up transition moment is given by
The relevant coefficients for calculation of relative photoionization cross sections are therefore C (i Ϫ1 f )(i Ϫ1 m Ϫ1 n f )
Ϸ ͗n͉m͘ and C (m Ϫ1 n)(i Ϫ1 m Ϫ1 n f ) Ϸ͗ f ͉i͘ for shakeup and conjugate shakeup, respectively. The approximate relations of the CI coefficients to monopole matrix elements hold whenever separate sets of SCF optimized MOs are employed in the ion and the neutral as, e.g., in the relaxed Hartree-Fock approximation. 11 It can be shown 2 that the peak intensity of the conjugate process decreases like ϳk Ϫ2 at large k. Here the continuum state is approximated by a plane wave with wave vector k.
Because of the high symmetry of ethylene and the specific excitations involved in the four candidate correlation states that might contribute to the 21.4 eV correlation peak, the shake-up process ͓Eq. ͑21͔͒ cannot contribute significantly. The conjugate shake-up process [Eq. (22) state with an outgoing electron of symmetry b 3g can all couple with the strong *← excitation (b 2g ←b 3u ) of neutral ethylene. Further, these last three states can also mix with each other through interchannel coupling since they all have overall symmetry 1 B 1u . The leading configurations in these N-electron states ͑including the outgoing electron͒ differ from each other by double excitations so they can be strongly mixed by electron correlation effects.
Dynamic correlations such as conjugate shakeup have been observed in various atomic and molecular systems. Careful inspection of the photon energy dependence of the correlation states of helium, 15, 67, 68 lithium, 9 neon, 10 and CO 69 shows that the satellite intensity increases smoothly to within 10 eV of threshold. Very close to threshold ͑0-10 eV photoelectron kinetic energy͒ additional structure is generally observed and have been attributed to autoionization and/or shape resonance. Autoionization, otherwise known as interchannel coupling, 3 refers to the decay of doubly excited states to different satellite channels ͑i.e., different excited states of the ion͒. These doubly excited states exert a significant influence on the correlation state cross sections. Interchannel coupling in atomic systems has been clearly illustrated in near threshold PES experiments of Wills et al. 70 as well as fluorescence measurements by Samson et al. 71 The resonance structures observed in these cases are strong and sharp ͑ϳ200 meV FWHM͒ and occur within 10 eV of threshold. The resonance structures observed in the present experiment occur greater than 20 eV above threshold and are fairly broad structures ͑ϳ8 eV FWHM͒. Since one cannot generalize interchannel coupling effects from the atomic case to a molecular case, we have searched for possible clues to doubly excited states. A survey of available photoionization and photoabsorption data on ethylene do not reveal anything extraordinary in the vicinity of the resonance photon energies ͑i.e., 42, 57, and
